Abstract A range of P2 receptor subtypes has been identified along the renal tubule, in both apical and basolateral membranes. Furthermore, it has been shown that nucleotides are released from renal tubular cells, and that ectonucleotidases are present in several nephron segments. These findings suggest an autocrine/paracrine role for nucleotides in regulating tubular function. The present review catalogues the known actions of extracellular nucleotides on tubular solute transport. In the proximal tubule, there is firm evidence that stimulation of apical P2Y 1 receptors inhibits bicarbonate reabsorption, whilst basolaterally applied ATP has the opposite effect. Clearance studies suggest that systemic diadenosine polyphosphates profoundly reduce proximal tubular fluid transport, through as yet unidentified P2 receptors. To date, only circumstantial evidence is available for an action of nucleotides on transport in the loop of Henle; and no studies have been made on native distal tubules, though observations in cell lines suggest an inhibitory effect on sodium, calcium and magnesium transport. The nephron segment most studied is the collecting duct. Apically applied nucleotides inhibit the activity of small-conductance K + channels in mouse collecting duct, apparently through stimulation of P2Y 2 receptors. There is also evidence, from cell lines and native tissue, that apically (and in some cases basolaterally) applied nucleotides inhibit sodium reabsorption. In mice pharmacological profiling implicates P2Y 2 receptors; but in rats, the receptor subtype(s) responsible is/are unclear. Recent patch-clamp studies in rat collecting ducts implicate apical P2Y and P2X subtypes, with evidence for both inhibitory and stimulatory effects. Despite considerable progress, clarification of the physiological role of the tubular P2 receptor system remains some way off.
Introduction
The effects of stimulation of renal vascular P2 receptors (see article by Inscho in this Special Issue [1] ), including those involved in tubuloglomerular feedback (see article by Bell et al. in this Special Issue [2] ), clearly have implications for overall excretion rates. In addition, however, excretion rates can be altered directly by stimulation of tubular P2 receptors located along the whole length of the nephron. Here, we will examine nucleotide-P2 receptor interactions that affect tubular solute transport; water transport is dealt with elsewhere in this Special Issue (see article by Kishore et al. [3] ).
In describing the distribution of P2 receptors along the nephron, we will focus on those present in native tissue (see should be emphasised that such increases are not invariably linked to functional changes.) (2) Identification of mRNA using RT-PCR. (3) Identification of receptor protein using immunohistochemistry. Being a polarised epithelium, there is potential for different, or the same, receptor subtypes to be expressed in each membrane domain. Wherever possible, we will make the distinction.
The proximal tubule
The rat proximal tubule expresses mRNA for at least four P2Y receptor subtypes: P2Y 1, 2, 4 and 6 [4, 5] . Expression at the mRNA level of other members of the P2Y family, or of any members of the P2X family, has not been investigated in native proximal tubule. Functional and immunological approaches have been used to localise receptor expression to a given membrane domain.
Basolateral membrane On the basis of nucleotide-induced increases in [Ca 2+ ] i , the basolateral membrane of the rat proximal tubule appears to contain P2Y 1 and P2Y 6 receptors [4] [5] [6] and a pyrimidine receptor that has characteristics of P2Y 2 and/or P2Y 4 [4] . Agonist profiles cannot be used to distinguish between rat P2Y 2 and P2Y 4 receptors [7, 8] , but the use of specific antibodies showed that the basolateral pyrimidine receptor is P2Y 4 , there being no discernible expression of P2Y 2 in this segment [9] . The expression of P2Y 6 receptors in the basolateral membrane was also confirmed immunologically [10] . Although this approach failed to detect basolateral P2Y 1 receptor expression in the rat proximal convoluted tubule [9] , P2Y 1 receptors have been localised basolaterally in the proximal tubule of Necturus maculosus [11] . Immunological studies have also identified low-level expression of P2X 4 and P2X 6 receptors in the rat proximal tubule [9] , but the membrane polarity of this expression was uncertain.
Apical membrane Apical expression of P2Y 1 -like receptors has been identified (on the basis of responses to "selective" agonists) in immortalised cell lines with proximal phenotype [12, 13] . Using an in vivo microperfusion approach, which permits the delivery of agonists/antagonists directly into the tubule lumen, strong functional evidence (see below) has also been provided for expression of P2Y 1 receptors in the apical membrane of the rat proximal convoluted tubule (i.e., in native tissue) [14] . Although these functional data do not accord with the failure to demonstrate immunologically apical P2Y 1 receptors in the S2 segment of the rat, expression being confined to the S3 segment [9] , these conflicting observations have been reconciled by more sensitive Western blot analysis showing expression of P2Y 1 receptors in rat S2 brush-border membrane vesicles (Fig. 2) . Turner et al. additionally found apical expression of P2X 5 receptors, again in the S3, rather than S1 or S2, segments [9] . Effects of nucleotides on proximal tubular transport Direct modulation of proximal tubule transport proteins was initially demonstrated in the amphibian proximal tubule, in which P2Y 1 receptors activated basolateral chloride channels [11] . In the mammalian proximal tubule, in vivo perfusion of the peritubular capillaries with a solution containing ATP caused an increase in transepithelial bicarbonate reabsorption [15] . Proximal bicarbonate reabsorption was also stimulated by the addition of dextran to the peritubular perfusate, a manoeuvre that increased fluid viscosity by ∼30% yet altered neither osmolality nor charge. This stimulatory action of increased viscosity was abolished by non-selective purinoceptor antagonism or by blockade of nitric oxide synthesis. In contrast to the above finding, perfusion of the apical membrane with adenine nucleotides in vivo caused a significant reduction in bicarbonate reabsorption [14] . The potency profile of adenine nucleotides/nucleosides implicated P2Y 1 receptors in this response (Fig. 2 ). This was confirmed by two observations: first, the greatest degree of inhibition was observed using 2meSADP, a potent agonist of P2Y 1 receptors; second, 2meSADP did not inhibit bicarbonate flux in the presence of the P2Y 1 receptorspecific antagonist MRS2179. Bicarbonate reabsorption was reduced by ∼50% at a luminal 2meSADP concentration of ∼100 μmol/l, which is substantially greater than reported values for endogenous ATP concentrations in the proximal tubule [16] and suggests that submaximal inhibition is the physiological norm. The mechanism of inhibition appears to involve regulation of NHE3 by both phospholipase C and protein kinase A, since the inhibitory action of P2Y 1 receptor activation was eliminated when this transporter, or either of these two pathways, was blocked ( Fig. 2) [14] . Inhibition of NHE3 by a cyclic AMP/ protein-kinase-A-dependent pathway has been observed in A6 cells and requires phosphorylation of the serines at positions 552 and 605 [17] . Phosphorylation of NHE3 by protein kinase A is facilitated by sodium-hydrogen exchange regulator factor (NHERF) and it appears that NHERF2 and P2Y 1 receptors interact via a C-terminal PDZ domain [18] to facilitate regulation of the transporter.
A recent clearance study has reported profound renal effects of the naturally occurring diadenosine polyphosphate Ap 4 A [19] . When infused intravenously into rats, Ap 4 A increased the clearance of lithium-used as an index of end-proximal fluid delivery-almost twofold, despite a reduction in glomerular filtration rate. Fractional proximal tubular reabsorption was therefore reduced markedly. Although much of the extra sodium delivered to the distal nephron was reabsorbed therein, there was nevertheless a substantial natriuresis. It is difficult to interpret these data in terms of a specific receptor since Ap 4 A can activate The inhibitory profile of naturally occurring adenine nucleotides is consistent with a P2Y 1 receptor-mediated response. This was confirmed using the selective agonist 2MeSADP and specific antagonist MRS2179. c The effect of 2MeSADP was not additive to that of EIPA, suggesting an NHE-3-mediated response. Inhibition of bicarbonate flux by P2Y 1 receptor activation was blocked by either U73122 or H89, indicating involvement of phospholipase C and protein kinase A, respectively. Data are taken from Bailey [14] . *P<0.05, **P<0.01 against paired control values multiple subtypes [20] , including P2Y 1 and P2Y 4 , which are both expressed in the proximal tubule. Moreover, the route of agonist delivery cannot separate apical from basolateral effects. However, perfusion of the proximal tubule lumen with UTP does not inhibit bicarbonate reabsorption [14] , suggesting that if Ap 4 A inhibits proximal tubule sodium reabsorption via P2Y 4 receptors, then it does so from the basolateral side.
The loop of Henle
P2 receptor expression in the thick descending limb of Henle (more generally known as the pars recta of the proximal tubule) has already been described. There is some evidence for pyrimidine receptors in rat descending and ascending thin limbs of Henle in that basolaterally applied ATP and UTP were equipotent in eliciting increases in [Ca 2+ ] i [4] . The ascending thin limb expresses mRNA for both P2Y 2 and P2Y 4 receptors, but only P2Y 2 has been identified at the protein level [9] . The identity of the UTP-sensitive receptor in the thin descending limb remains a mystery: P2Y 4 is expressed at neither the mRNA nor the protein level [4, 9] and P2Y 2 immunoreactivity is not evident [9] , despite the expression of mRNA for this receptor [4] . In addition to that for P2Y 2 , mRNA for P2Y 1 and P2Y 6 subtypes has been found in the descending thin limb, although agonists for these receptors had no effect on [Ca 2+ ] i when applied to the basolateral membrane; thus, these subtypes, if present, must be confined to the apical domain [4, 10] . To date, no P2Y 1 or P2Y 6 receptor protein has been identified in thin limbs.
In the rat thick ascending limb (TAL), basolaterally applied ATP has little effect on [Ca 2+ ] i [4] , although there is a species difference here: in the mouse TAL, basolateral ATP consistently evokes large calcium transients [21, 22] . The rat TAL expresses mRNA for P2Y 1, 2, 4 and 6 receptors [4, 5] , and immunohistochemical studies have identified P2Y 2 , P2X 4 and P2X 6 receptor protein [9] , although their membrane polarities are not yet clear.
As well as the intracellular calcium transients seen in response to exogenously applied nucleotides, there is in vitro evidence for a flow-induced release of endogenous nucleotides in medullary thick ascending limb (TAL), leading to an autocrine/paracrine action to increase [Ca 2+ ] i [23] . Two recent pieces of evidence imply a functional role for P2 receptors in the loop. Vallon's group has demonstrated that in P2Y 2 receptor 'knockout' mice there is increased expression of the apical Na + K + 2Cl -co-transporter in the renal medulla, associated with an augmented natriuretic response to furosemide [24] . A separate study has shown that addition of ATP to suspensions of rat TAL in vitro stimulates intracellular nitric oxide production, an effect thought to be mediated by P2X receptors [25] . The fact that nitric oxide can inhibit transport processes in the TAL [26] makes this a particularly intriguing observation. However, it is notable that in contrast to the proximal tubule and collecting duct, no study has yet addressed directly the functional consequences of P2 receptor activation in the loop of Henle in terms of transepithelial electrolyte fluxes.
Distal tubule
Immunohistological techniques have so far identified only P2X 4 and P2X 6 receptors in the rat distal convoluted tubule (DCT), where they were confined to the basolateral membrane [9] . There are no corresponding investigations in other species. In the absence of functional studies on native distal tubule, our knowledge of the role of P2 receptors in these segments is restricted to findings from in vitro studies, either in primary cultures of native cells or, more commonly, in immortalised distal or "distal-like" cell lines.
There 
Collecting duct
In native tissue (in the rat), mRNA has been identified for P2Y 1, 2, 4 and 6 and P2X 4 [4] [5] [6] receptors (expressed throughout the collecting duct) and P2Y 2 receptors (in the medullary collecting duct) had been detected immunohistochemically in the rat [9, 37] . In the last year, however, further immunohistochemical studies have additionally indicated receptor protein for P2Y 4 and P2Y 6 subtypes in the apical membrane of principal cells (while P2Y 2 [medulla only], P2X 4 and P2X 6 subtypes were confirmed in both apical and basolateral membranes) [36] . Moreover, a recent study has identified mRNA and protein for P2X 1 and P2X 4 receptors in native collecting duct of the mouse; immunohistochemistry revealed apical P2X 1 and P2X 4 receptors in principal cells throughout the medullary collecting duct, with some basolateral P2X 4 expression in cortical collecting duct [38] .
Despite continuing uncertainties over the precise receptor distribution, there is little doubt that stimulation of P2 receptors in the collecting duct can influence transport processes in this nephron segment-the final site of regulation of urinary output. Here, we will focus on potassium and sodium transport (and, where appropriate, chloride); water transport is reviewed elsewhere in this Special Issue (see article by Kishore et al. [3] ).
Potassium
An early study in MDCK cells reported that nucleotides can activate K + channels [39] . However, this is contradicted by more recent evidence in native collecting duct. An elegant patch-clamp investigation of split-open mouse native cortical collecting ducts (CCDs; allowing access to the apical membrane) has demonstrated that ATP reversibly inhibits the activity of the small-conductance K + channels (Fig. 3) , the major pathway through which potassium is secreted in the distal nephron [40] . On the basis of pharmacological profiling (i.e., equipotency of ATP and UTP and absence of effect of α, βmeATP and 2meSATP), it was concluded that apical P2Y 2 receptors were responsible. The observation that P2Y 2 receptor knockout mice are hypokalaemic is consistent with this view [24] .
Indirect evidence for an inhibitory effect of the diadenosine polyphosphate Ap 4 A on potassium secretion in the distal nephron has come from the recent clearance study of Stiepanow-Trzeciak et al. [19] . As indicated earlier, this compound had a marked inhibitory effect on sodium reabsorption in the proximal tubule (of the rat), but much of the increased load of sodium was reabsorbed in the distal nephron. A compensatory increase in sodium reabsorption in the distal nephron would normally be associated with increased potassium secretion and consequent kaliuresis, yet, in this case, no such kaliuresis was seen [19] . The implication is reduced activity of the apical potassium channels.
Sodium
Studies using collecting duct cell lines generally indicate that extracellular nucleotides can reduce amiloride-sensitive short-circuit current (SCC; assumed to represent sodium transport) and stimulate chloride secretion. This has been + channel open probability. The action of ATP was blocked by the P2 receptor antagonist suramin and was mimicked by UTP, whereas αβMeATP and 2MeSATP were without effect on K + channel activity, suggesting the involvement of P2Y 2 receptors. Taken, with permission, from Lu et al [40] demonstrated both in the mouse M-1 cell line [41, 42] , where pharmacological profiling (of both apical and basolateral membranes) and RT-PCR pointed towards P2Y 2 receptor mediation, and in the mouse IMCD-K2 cell line [43] . In the latter case, the effect was confined to the apical membrane and pharmacological profiling, in conjunction with RT-PCR, revealed involvement of both P2X and P2Y receptors. In the M-1 cell line, at least, the functional effects were associated with, but not dependent upon, increases in [Ca 2+ ] i [41, 42] . In contrast to the above findings, a recent study, using the mouse IMCD-3 cell line, found that apical application of ATP and analogues induced an increase in SCC, thought to be mediated largely by P2X receptors [38] . The cause of this increase has not been established, but it is interesting to note that Wildman et al. [36] have recently shown that apical P2X receptor activation can, under certain conditions, stimulate collecting duct ENaC activity (see below).
There is also considerable evidence for an effect of exogenous nucleotides in native tissue. In rabbit CCD, luminal perfusion in vitro with ATPγS (a broad-spectrum P2 agonist) or UTP was shown to increase [Ca 2+ ] i in both principal and intercalated cells [44] . In contrast, in a different laboratory, only basolateral ATP was found to be effective [45] . Functional studies in mice showed that ATP and UTP, applied either luminally or basolaterally, caused an increase in [Ca 2+ ] i and inhibition of amiloride-sensitive SCC [45, 46] (Fig. 4a) , though the reduction in sodium transport did not depend on the calcium transient [46] .
The effect of apical nucleotides on collecting duct sodium reabsorption in vivo has been investigated in our laboratory, using microperfusion of late distal tubules [47] . In rats fed a low-sodium diet in order to increase ENaC activity, addition of ATPγS to the luminal perfusate was found to increase urinary 22 Na recovery (i.e., collecting duct 22 Na reabsorption was reduced; Fig. 4b ). These studies, taken together, leave little room for doubt that exogenously applied nucleotides, albeit at relatively high doses, can inhibit sodium reabsorption in the collecting duct. Recently, circumstantial evidence for a paracrine/ autocrine role for endogenous nucleotides in regulating collecting duct sodium transport has emerged from Schwiebert's laboratory. ENaC-mediated sodium reabsorption has been shown to be up-regulated in CCD monolayers derived from Oak Ridge polycystic kidney [48] . These cells lack a well-formed apical central cilium, a deficiency that apparently diminishes their ability to release ATP in response to appropriate stimuli [49] . It takes only a small leap of imagination to link the reduced ATP release with the enhanced sodium reabsorption.
The P2 receptor subtype(s) responsible for the inhibitory effect on ENaC-mediated sodium reabsorption is a controversial topic, and species differences ensure that it will remain so for some time. Intriguingly, despite firm evidence from in vitro studies for P2Y 2 mediation, "selective" P2Y 2 / P2Y 4 and P2Y 1 agonists were found to be ineffective in vivo in the rat (Fig. 4b) , and a P2X heteromer-mediated effect was suggested [47] . In this connection, Wildman et al. have shown, using the Xenopus oocyte expression system, that co-expression of a number of P2X receptors (P2X 2 , P2X 2/6 , P2X 4 or P2X 4/6 ) with ENaC leads to its downregulation [50] . Recently, this whole topic has been opened up further by the discovery that when intraluminal sodium concentrations are low, activation of apical P2X 4 and/or P2X 4/6 receptors can stimulate ENaC activity [36] . However, we will not elaborate on this here, as the interaction between P2 receptors and ENaC is dealt with Na, and urinary recoveries were monitored. Each distal tubule was perfused twice, first with a control perfusate, then with a P2 agonist. The broad-spectrum agonist ATPγS significantly increased urinary 22 Na recovery, but the P2Y 1 agonist 2MeSADP and the P2Y 2 /P2Y 4 agonists Cp 4 U and Ap 4 A were without effect. Data are taken from Shirley et al. [47] in depth elsewhere in this Special Issue (see article by Wildman et al.
[51]).
Conclusion
As set-out in this article and elsewhere [52] , there is now overwhelming evidence that the range of P2 receptors distributed along the nephron can influence the excretion of sodium, potassium and other ions. In some well-defined examples, stimulation of the apical P2 receptors is effective; in others, the polarity of receptor expression is less clear. In the majority of cases, the effect of P2 receptor stimulation on ion transport is inhibitory.
The tubular location of the P2 receptors, the observation that certain nucleotides are released from tubular cells and cell cultures [16, 53, 54] 
